LIQUID DROPLET EJECTION APPARATUS 
AND LIQUID DROPLET EJECTING METHOD 



CROSS REFERENCE TO RELATED APPLICATION 

This application is a division of U.S. Application 
Serial No. 09/884,457, filed June 19, 2001, the entirety of 
which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to a liquid droplet 
ejection apparatus for ejecting droplets of liquid, such as 
liquid material or fluid, from an ejection opening through 
pressurization of the liquid within a pressurizing chamber. 

Description of the Related Art 

[0002] The liquid droplet ejection apparatus of this type 
includes a pressurizing chamber into which liquid is 
introduced via a liquid introduction bore, an ejection nozzle 
communicating with the pressurizing chamber, and pressurizing 
means, such as a piezoelectric/electrostrictive element, for 
changing the volume of the pressurizing chamber. The 
apparatus pressurizes liquid contained in the pressurizing 
chamber through change in the volume of the pressurizing 
chamber to thereby eject the liquid in the form of droplets 
from an ejection opening of the ejection nozzle. Such a 
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liquid droplet ejection apparatus is used in, for example, a 
color printer. 

[0003] However, since a conventional liquid droplet 
ejection apparatus is intended to eject merely a single 
droplet of liquid by a single operation of pressurizat ion, 
the diameter of a liquid droplet is relatively large. Thus, 
the conventional apparatus cannot be used in mechanical 
equipment requiring mistlike fuel or the like. 



SUMMARY OF THE INVENTION 
[0004] An object of the present invention is to provide a 
liquid droplet ejection apparatus capable of ejecting liquid 
in a mistlike form. 

[0005] To achieve the object, the present invention 
provides a liquid droplet ejection apparatus comprising a 
pressurizing chamber communicating with a liquid supply path 
via a liquid introduction bore; an ejection nozzle connected 
to the pressurizing chamber; and a piezoelectric/ 
electrostrictive element for changing a volume of the 
pressurizing chamber so as to pressurize liquid introduced 
into the pressurizing chamber via the liquid introduction 
bore to thereby eject the liquid in a form of liquid droplets 
from a circular ejection opening of the ejection nozzle, 
wherein a diameter of a largest liquid droplet * among the 
liquid droplets ejected is not greater than a diameter of the 
ejection opening. 
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[0006] Also, the present invention provides a similar 
liquid droplet ejection apparatus configured such that a 
plurality of liquid droplets are simultaneously ejected from 
the ejection opening by means of a single operation of 
pressurization . 

[0007] Furthermore, the present invention provides a 

similar liquid droplet ejection apparatus configured such 
that a plurality of liquid droplets ejected from the ejection 
opening by means of a single operation of pressurization 
simultaneously reach an imaginary plane defined in a manner 
such that all points on the plane maintain an equal distance 
to the ejection opening. 

[0008] These liquid droplet ejection apparatuses can be 
used in mechanical equipment requiring mistlike fuel or the 
like (e.g., a gasoline-injection-type internal combustion 
engine) and eject (inject) liquid through effective 
utilization of a piezoelectric/electrostrictive element. 

[0009] Preferably, any one of the liquid droplet ejection 

apparatuses described above is configured such that each of 
the liquid introduction bore and an ejection- side end portion 
of the ejection nozzle assumes a hollow, substantially 
cylindrical form, and a bottom face of the cylinder forming 
the ejection-side end portion of the ejection nozzle serves 
as the ejection opening; the ratio of the diameter of the 
liquid introduction bore to the diameter of the ejection 
opening is 0.6 to 1.6; the ratio of the diameter of the 
ejection opening to the height of the hollow cylinder forming 
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the ej ection-side end portion is 0.2 to 4; and the rate of 
change (per unit time) in the ratio of the amount of change 
in the volume of the pressurizing chamber to the sum of the 
volume of the ejection nozzle and the volume of the 
pressurizing chamber is 6 ppm/|as to 40 ppm/jas. 

[0010] The ratio of the diameter do of the liquid 
introduction bore to the diameter dl of the ejection opening 

(dO/dl) is 0.6 to 1.6 for the following reason. When the 
ratio (dO/dl) is less than 0.6, the amount of liquid to be 
introduced into the pressurizing chamber via the liquid 
introduction bore becomes small in relation to the amount of 
liquid to be ejected from the ejection opening, causing an 
ejection defect. When the ratio (dO/dl) is in excess of 1.6, 
during pressurizat ion, a large amount of liquid flows back 
into the liquid supply path from the pressurizing chamber via 
the liquid introduction bore, resulting in a failure to eject 
liquid from the ejection opening. 

[0011] The ratio of the diameter dl of the ejection 
opening (i.e., the diameter dl of the bottom face of the 
hollow cylinder) to the height hi of the hollow cylinder 
formed at the ejection- side end portion (dl/hl) is 0.2 to 4 
for the following reason. When the ratio (dl/hl) is not 
greater than 4, during ejection, contact resistance between 
liquid and the inside wall surface of the e j ection- side end 
portion becomes relatively large, so that vibration remaining, 
on liquid surface, immediately after ejection settles 
promptly, thereby preventing air (a bubble) from being caught 
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in the ejection nozzle. As a result, entry of a bubble into 
the pressurizing chamber from the ejection nozzle can be 
prevented, thereby enhancing ejection stability. When the 
ratio (dl/hl) is less than 0.2, during ejection, contact 
resistance between liquid and the inside wall surface of the 
ejection-side end portion becomes excessively large. As a 
result, the force of ejection becomes insufficient, resulting 
in disabled ejection. 

[0012] The rate of change (per unit time) R in the ratio 
of the amount of change AV in the volume of the pressurizing 
chamber to the sum of the volume Vn of the ejection nozzle 
and the volume Vk of the pressurizing chamber (AV/ (Vn + Vk) ) 
is 6 ppm/|is to 4 0 ppm/jas for the following reason. The 
greater the rate of change R, the smaller liquid droplets 
become. However, when the rate of change R is in excess of 40 
ppm/ns, ejection becomes unstable. When the rate of change R 
is less than 6 ppm/|is, droplets to be ejected become granular. 
As a result, an object that a plurality of liquid droplets 
are ejected by means of a single operation of pressurization 
cannot be attained. 

[0013] Preferably, any one of the liquid droplet ejection 

apparatuses described above is configured such that an 
ejection-side end portion of the ejection nozzle assumes a 
hollow, substantially cylindrical form and is formed such 
that a bottom face of the cylinder serves as the ejection 
opening; and an inside diameter of the cylinder increases 
toward the ejection opening. In this case, preferably, a 
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value obtained by dividing, by the height hi of the cylinder, 
the difference between the diameter dl of the bottom face of 
the cylinder and the diameter d2 of the top face of the 
cylinder serving as an opening located on the side of the 
pressurizing chamber ( (dl - d2)/hl) is 0.05 to 0.7. 

[0014] Through employment of the geometric features 
mentioned above, the liquid is ejected in a mistlike form for 
the following reason. Conceivably, during ejection, the 
liquid is subjected to not only a force imposed along the 
axial direction of the hollow cylinder (i.e., along the 
direction perpendicular to a plane serving as the ejection 
opening) , but also a force imposed along a direction 
perpendicular to the axial direction and exerted from the 
inside wall surface of the hollow cylinder; thus, the liquid 
becomes unlikely to assume a large granular form. 

[0015] Also, any one of the liquid droplet ejection 
apparatuses described 'above is preferably configured such 
that the ejection-side end portion of the ejection nozzle 
comprises a first ejection bore formed in a thin-plate member 
and assuming a hollow, substantially cylindrical form having 
a top face located on the side of the pressurizing chamber 
and a bottom face located on the side of the ejection 
opening; and a second ejection bore assuming a hollow, 
substantially cylindrical form and formed in a liquid- 
repellent layer formed on the surface of the thin-plate 
member located on the side of the ejection opening, a top 
face of the hollow cylinder forming an opening connected to 
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the bottom face of the first ejection bore, a bottom face of 
the hollow cylinder forming the ejection opening of the 
ejection nozzle. The inside diameter of the second ejection 
bore increases toward the ejection opening. In this case, 
preferably, a value obtained by dividing, by the height of 
the second ejection bore, the difference between the diameter 
of the ejection opening of the second ejection bore and the 
diameter of the opening of the second ejection bore connected 
to the first ejection bore is 0.5 to 2.0. 

[0016] The liquid-repellent layer is provided in order to 

prevent adhesion of liquid droplets to an area around the 
ejection opening during ejection. When the liquid-repellent 
layer is provided, the liquid-repellent layer substantially 
serves as the end portion of the ejection nozzle. Accordingly, 
when, as mentioned above, the hollow, substantially 
cylindrical second ejection bore formed in the liquid- 
repellent layer is configured such that the inside diameter 
thereof increases toward the ejection opening, the liquid is 
subjected to not only a force imposed along the axial 
direction of the second ejection bore (hollow cylinder) , but 
also a force imposed along a direction perpendicular to the 
axial direction; thus, the liquid becomes unlikely to assume 
a granular form. As a result, the liquid is ejected in a 
mistlike form. 

[0017] Further, preferably, in the above-described liquid 

droplet ejection apparatus having the first and second 
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ejection bores, the inside diameter of the first ejection 
bore decreases toward the second ejection bore. 

[0018] Through employment of the geometric feature that 

the inside diameter of the first ejection bore decreases 
toward the second ejection bore, variation in liquid pressure 
within the pressurizing chamber immediately after ejection 
becomes unlikely to occur, thereby lowering the possibility 
of entry of a bubble into the pressurizing chamber from the 
ejection nozzle. As a result, ejection becomes stable. 

[0019] Also, any one of the liquid droplet ejection 
apparatuses described above is preferably configured such 
that an ejection-side end portion of the ejection nozzle 
assumes a hollow, substantially cylindrical form and is 
formed such that a bottom face of the cylinder serves as the 
ejection opening; and a protrusion portion is formed on an 
inside wall surface of the ejection-side end portion. In this 
case, the ratio of the height of the protrusion portion to 
the diameter of the ejection opening preferably falls within 
the range of 0.03 to 0.17. Moreover, three to twelve 
protrusion portions are preferably formed along the inside 
wall surface of the ejection-side end portion. 

[0020] The protrusion portions split a liquid droplet 
immediately before ejection, thereby facilitating ejection of 
liquid in a mistlike form. 

[0021] Preferably, in any one of the liquid droplet 

ejection apparatuses described above, the pressurizing 



8 



chamber and the ejection nozzle are integrally formed of 
zirconia ceramics . 

[0022] By virtue of characteristics of zirconia ceramics, 
a liquid droplet ejection apparatus having high durability 
against frequent deformation can be readily manufactured. 

[0023] Embodiments of the present invention will next be 
described with reference to drawings. Herein, the term 

"piezoelectric/electrostrictive" means piezoelectric and/or 
electrostrictive . The piezoelectric/electrostrictive element 
is widely known as an element characterized by extending 
primarily in a direction parallel to an externally applied 
electric field and contracting in a direction perpendicular 
to the electric field and adapted to convert electrical 
energy to mechanical energy and vice versa. A piezoelectric 
element is characterized by exhibiting coercive electric 
field (external electric field as observed upon inversion of 
polarization) of relatively high intensity. An 
electrostrictive element is characterized by exhibiting 
coercive electric field of very low intensity. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0024] FIG. 1A is a plan view of a liquid droplet ejection 

apparatus according to a first embodiment of the present 
invention; 

[0025] FIG. IB is a sectional view of the liquid droplet 

ejection apparatus taken along line 1-1 of FIG. 1A; 
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[0026] FIG. 2A is an enlarged sectional view of an 
ejection bore of the liquid droplet ejection apparatus shown 
in FIG. IB; 

[0027] FIG. 2B is a view showing a state immediately after 
ejection of liquid droplets from the ejection bore shown in 
FIG. 2A; 

[0028] FIG. 3A is a plan view of a liquid droplet ejection 

apparatus according to a second embodiment of the present 
invention; 

[0029] FIG. 3B is a sectional view of the liquid droplet 

ejection apparatus taken along line 2-2 of FIG. 3A; 

[0030] FIG. 4A is an enlarged sectional view of an 

ejection bore of the liquid droplet ejection apparatus shown 
in FIG. 3B; 

[0031] FIG. 4B is a view showing a state immediately after 

ejection of liquid droplets from the ejection bore shown in 
FIG. 4A; 

[0032] FIG. 5A is an enlarged sectional view of an 

ejection bore of a liquid droplet ejection apparatus 
according to a third embodiment of the present invention; 

[0033] FIG. 5B is a sectional view of the ejection bore 

taken along line 3-3 of FIG. 5A; 

[0034] FIG. 5C is a sectional view of an ejection bore 

showing another example of protrusion portions of the third 
embodiment ; 

[0035] FIG. 6 is an enlarged sectional view of an ejection 

bore of a liquid droplet ejection apparatus according to a 
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modification of the third embodiment of the present invention 
taken along a line similar to line 3-3 of FIG. 5A; 
[0036] FIG. 7 is a view for explaining a method for 

manufacturing the ejection bore of the liquid droplet 
ejection apparatus according to the third embodiment; and 
[0037] FIG. 8 is a plan view of a liquid droplet ejection 

apparatus according to another modified embodiment of the 
present invention . 



DETAILED DESCRIPTION OF THE INVENTION 

First Embodiment: 

[0038] FIG. 1A is a plan view of a liquid droplet ejection 

apparatus 10 according to a first embodiment of the present 
invention. FIG. IB is a sectional view of the liquid droplet 
ejection apparatus 10 taken along line 1-1 of FIG. 1A. The 
liquid droplet ejection apparatus 10 is formed such that a 
plurality of ceramic thin-plate members (hereinafter called 
"ceramic sheets") 11-16 are sequentially stacked and press- 
bonded. The liquid droplet ejection apparatus 10 includes a 
body 10a assuming substantially the form of a rectangular 
parallelepiped whose sides extend in parallel with the 
corresponding X, Y, and Z axes of a rectangular coordinate 
system, and a piezoelectric/electrostrictive element 17 
bonded on an outer surface of the ceramic sheet 16. 
[0039] The liquid droplet ejection apparatus 10 includes a 
liquid supply path 21, a plurality of mutually independent 
pressurizing chambers 22, a plurality of liquid introduction 
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bores 23 for establishing communication between the 
corresponding pressurizing chambers 22 and the liquid supply- 
path 21, and a plurality of ejection nozzles 24 for 
establishing communication between the corresponding 
pressurizing chambers 22 and the exterior of the liquid 
droplet ejection apparatus 10. 

[0040] The liquid supply path 21 is a space defined by the 

side wall surface of an oval cutout portion formed in the 
ceramic sheet 13 and whose major and minor axes extend along 
the X axis and the Y axis, respectively, the upper surface of 
the ceramic sheet 12, and the lower surface of the ceramic 
sheet 14. The liquid supply path 21 communicates with an 
unillustrated liquid source to thereby be always filled with 
liquid to be ejected. 

[0041] The plurality of pressurizing chambers 22 are 
spaces each of which is defined by the side wall surface of 
an oval cutout portion formed in the ceramic sheet 15 and 
whose major and minor axes extend along the Y axis and the X 
axis, respectively, the upper surface of the ceramic sheet 14, 
and the lower surface of the ceramic sheet 16. An end portion 
of each pressurizing chamber 22 in relation to the positive 
direction of the Y axis extends in such a manner as to 
project above the liquid supply path 21, so that the 
pressurizing chamber 22 communicates, at the end portion, 
with the liquid supply path 21 through the corresponding 
hollow cylindrical liquid introduction bore 23 of diameter dO 
formed in the ceramic sheet 14. Each piezoelectric/ 
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electrostrictive element 17 is slightly smaller than the 
corresponding pressurizing chamber 22 as viewed from above 
and is bonded on the upper surface of the ceramic sheet 16 in 
such a manner as to be disposed within the pressurizing 
chamber 22 as viewed from above. Each piezoelectric/ 
electrostrictive element 17 operates according to the 
potential difference between unillustrated electrodes 
disposed on the upper and lower surfaces of the 
piezoelectric/electrostrictive element 17, thereby deforming 
the ceramic sheet 16 (upper wall of the pressurizing chamber 
22) and thus changing the volume of the pressurizing chamber 

22 by AV. 

[0042] The plurality of ejection nozzles 24 are each 
formed through coaxial arrangement hollow, substantially 
cylindrical (i.e., circular as viewed from above) through- 
bores 24a-24d formed in the ceramic sheets 11-14, 
respectively. The through-bore 24d communicates with the 
pressurizing chamber 22 at the lower surface of an end 
portion of the pressurizing chamber 22 in relation to the 
negative direction of the Y axis (i.e., an end portion 
opposite an end portion at which the liquid introduction bore 

23 is located) . The through-bore 24d is the largest in 
diameter among the through-bores 24a- 24d. The diameter of the 
through-bore 24c is greater than that of the through-bore 24b. 
The diameter of the through-bore 24b is greater than that of 
the through-bore 24a (the maximum diameter of the through- 
bore 24a) . The through-bore 24a serves as the end portion of 
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the ejection nozzle (i.e., an ejection-side end portion). The 
bottom face of the hollow cylinder serves as an ejection 
opening for ejecting liquid droplets toward the exterior of 
the liquid droplet ejection apparatus 10. Accordingly, 
hereinafter the through-bore 24a is called the ejection bore 
24a. 

[0043] As shown in the enlarged sectional views of FIGS. 
2A and 2B, the ejection bore 24a assumes a hollow, 
substantially cylindrical form and is formed such that the 
inside diameter of the cylinder increases toward the ejection 
opening; i.e., the ejection bore 24a assumes the form of a 
truncated cone. In other words, dl is greater than d2 , where 
dl is the diameter of the bottom face (i.e., the ejection 
opening) of the cylinder and d2 is the diameter of the top 
face (i.e., an opening connected to the through-bore 24b 
located on the side of the pressurizing chamber 22) of the 
cylinder . 

[0044] Next, the operation of the liquid droplet ejection 
apparatus 10 will be described. When no potential difference 
is applied between the two electrodes of the piezoelectric/ 
electrostrictive element 17, the liquid droplet ejection 
apparatus 10 maintains a state shown in FIG. IB. At this time, 
the pressurizing chamber 22 and the ejection nozzle 24 are 
filled with liquid. Next, when a potential difference is 
applied between the two electrodes of the piezoelectric/ 
electrostrictive element 17, the piezoelectric/ 
electrostrictive element 17 attempts to contract in the X-Y 
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plane. The force of contraction in the X-Y plane is 
transmitted to the upper surface of the ceramic sheet 16 on 
which the piezoelectric/electrostrictive element 17 is bonded. 
Thus, the ceramic sheet 16 deforms in such a manner as to 
decrease the volume of the pressurizing chamber 22 by AV. 
Accordingly, liquid contained in the pressurizing chamber 22 
is pressurized and is thus ejected, in the form of a droplet, 
from the ejection opening of the ejection bore 24a. 
[0045] Next, when the potential difference applied to the. 
two electrodes of the piezoelectric/electrostrictive element 
17 is canceled, the deformation of the ceramic sheet 16 
induced by activation of the piezoelectric/electrostrictive 
element 17 is undone; thus, the volume of the pressurizing 
chamber 22 is restored. At this time, since the pressure of 
liquid contained in the pressurizing chamber 22 decreases 
(drops) , liquid contained in the liquid supply path 21 is 
sucked (introduced) into the pressurizing chamber 22 via the 
liquid introduction bore 23. The action described above is 
repeated to thereby continuously eject liquid droplets. 
[0046] The above-described ejection of liquid droplets 
will be described in detail. As shown in FIG. 2B, as a result 
of a single operation of pressurization effected by the 
piezoelectric/electrostrictive element 17, a plurality of 
liquid droplets are simultaneously ejected from the ejection 
opening. The diameter of the largest liquid droplet among the 
ejected liquid droplets is not greater than the diameter dl 
of the ejection opening. These liquid droplets simultaneously 
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reach an imaginary plane S formed in such a manner as to 
maintain an equal distance to the ejection opening. 
[0047] A single operation of pressurization causes 
simultaneous ejection of a plurality of liquid droplets for 
the following reason. Conceivably, since the inside diameter 
of the hollow cylindrical ejection bore 24a increases toward 
the ejection opening, pressurized liquid to be ejected is 
subjected to not only a force imposed along the axial 
direction of the cylinder (i.e., along the direction 
perpendicular to the ejection opening) , but also a force 
imposed along a direction perpendicular to the axial 
direction of the cylinder and exerted from the inside wall 
surface of the hollow cylindrical ejection bore 24a; thus, 
the liquid becomes unlikely to assume a large granular form. 
[0048] In this case, in order to simultaneously eject a 
plurality of liquid droplets by means of a single operation 
of pressurization, it is preferable that the following 
requirements (l)-(4) are satisfied. 

[0049] (1) The ratio of the diameter do of the liquid 

introduction bore 23 to the diameter dl of the ejection 
opening (the diameter dl of the bottom face of the hollow 
cylinder forming the ejection bore 24a) (dO/dl) must be 0.6 
to 1.6. 

[0050] When the ratio (dO/dl) is excessively small, 

resistance associated with introduction of liquid from the 
liquid supply path 21 to the pressurizing chamber 22 via the 
liquid introduction bore 23 becomes excessively large. Thus, 
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the amount of liquid introduced into the pressurizing chamber 
22 from the liquid supply path 21 becomes insufficient in 
relation to the amount of liquid ejected from the 
pressurizing chamber 22 via the ejection nozzle 24. As a 
result, a bubble enters the pressurizing chamber 22 through 
the ejection nozzle 24. The presence of the bubble disables 
ejection of a liquid droplet. When the ratio (dO/dl) is 
excessively large, during pressurization, a large amount of 
liquid flows back into the liquid supply path 21 from the 
pressurizing chamber 22 via the liquid introduction bore 23, 
resulting in a failure to eject liquid from the ejection 
opening of the ejection bore 24a. The present inventors 
studied the ratio (dO/dl) and found that a ratio (dO/dl) of 
0.6-1.6 is preferred. 

[0051] (2) The ratio of the diameter dl of the bottom face 

of the hollow cylinder to the height hi of the hollow 
cylinder forming the ejection bore 24a (dl/hl) must be 0.2 to 
4 . 

[0052] Immediately after ejection, liquid surface vibrates 
to a relatively large extent, and the vibration remains. As a 
result, air (a bubble) is caught in the ejection nozzle 24 

(particularly, an edge portion where the ceramic sheet is 
bonded) and then enters the pressurizing chamber 22, 
resulting in subsequent impairment in ejection stability. 
When the ratio (dl/hl) is not greater than 4, during ejection, 
contact resistance between liquid and the inside wall surface 
of the ejection bore 24a becomes relatively large, so that 



17 



vibration remaining, on the liquid surface, immediately after 
ejection settles promptly. Accordingly, air's (a bubble's) 
being caught in the ejection nozzle 24 can be prevented, 
thereby preventing entry of a bubble into the pressurizing 
chamber 22 and thus enhancing ejection stability. On the 
other hand, when the ratio (dl/hl) is less than 0.2, during 
ejection, contact resistance between liquid and the inside 
wall surface of the ejection bore 24a becomes excessively 
large. As a result, the force of ejection becomes 
insufficient, resulting in ejection defect. Thus, a ratio 
(dl/hl) of 0.2-4 is preferred. 

[0053] (3) The rate of change (per unit time) R in the 

ratio of the amount of change AV in the volume of the 
pressurizing chamber 22 to the sum (Vn + Vk) of the volume Vn 
of the ejection nozzle 24 and the volume Vk of the 
pressurizing chamber 22, (AV/ ( Vn + Vk) ) , must be 6 ppm/jas to 
4 0 ppm/|as. 

[0054] The rate of change R represents the ejection 
velocity of a droplet. Experiments revealed that the higher 
the ejection velocity (the greater the rate of change R) , the 
smaller a liquid droplet becomes; and when the ejection 
velocity is excessively high (the rate of change R is in 
excess of 40 ppm/|as) , ejection becomes unstable. The reason 
for such phenomena is, for example, as follows. Cavitation 
occurs within the ejection nozzle to thereby generate a 
bubble, which hinders stable ejection. Alternatively, after 
ejection, air (a bubble) is caught in the ejection nozzle 24 
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(ejection bore 24a) through the ejection opening, thereby- 
disabling next ejection. When the ejection velocity is 
excessively low (the rate of change R is less than 6 ppm/|is) , 
a droplet to be ejected tends to become granular. As a result, 
a single operation of pressurization causes ejection of 
merely a single liquid droplet. Thus, through determination 
of the ejection velocity as specified above, liquid is 
ejected stably in a mistlike form. 

[0055] Table 1 shows the results of an experiment which 

was conducted to study ejection stability and whether or not 
liquid is ejected in a mistlike form, while the rate of 
change R was varied. In Table 1, the mark "O" appearing in 
the ejection stability column means that when the operation 
of pressurization was repeated continuously, a liquid droplet 
was able to be ejected in response to each operation of 
pressurization; and the mark "X" appearing in the ejection 
stability column means that a droplet was unable to be 
ejected in response to each operation of pressurization. The 
mark 11 0" appearing in the mist like form column means that a 
plurality of liquid droplets were simultaneously ejected by 
means of a single operation of pressurization while the 
diameter of each liquid droplet was smaller than that of the 
ejection opening; and the mark "X" appearing in the mistlike 
form column means that ejection of liquid in a mistlike form 
failed. The expression "widened toward outlet" means the case 
of the first embodiment described above (i.e., the case where 
the inside diameter of the ejection bore 24a increases toward 
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the ejection opening) ; the term "straight" means the case 
where the inside diameter is constant; and the expression 
"narrowed toward outlet" means the case where the inside 
diameter decreases toward the ejection opening. Liquid used 
in the experiment was CLENSOL having a viscosity of 0.82 mPa-S . 
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[0056] As understood from the Table, a rate of change R 
of 6-40 ppm/^im is preferred. 

[0057] (4) A value obtained by dividing, by the height 

hi of the hollow cylinder, the difference (dl - d2) between 
the diameter dl of the bottom face of the hollow cylinder 
forming the ejection bore 24a and the diameter d2 of the top 
face of the hollow cylinder, ( (dl - d2)/hl), must be 0.05 to 
0.7. 

[0058] When the ratio ( (dl - d2)/hl) is excessively large, 
a force imposed on liquid along the axial direction of the 
hollow cylinder forming the ejection bore 24a (i.e., along 
the direction perpendicular to the ejection opening) becomes 
excessively small, resulting in impairment in ejection 
stability. When the ratio ( (dl - d2)/hl) is excessively 
small, a force imposed on the liquid along a direction 
perpendicular to the axial direction becomes excessively 
small; as a result, the ejected liquid becomes unlikely to 
assume a mistlike form. Thus, the ratio of 0.05-0.7 is 
preferred. 

Second Embodiment : 

[0059] Next, a second embodiment of a liquid droplet 
ejection apparatus of the present invention will be 
described. FIG. 3A is a plan view of a liquid droplet 
ejection apparatus 3 0 according to the second embodiment of 
the present invention. FIG. 3B is a sectional view of the 
liquid droplet ejection apparatus 30 taken along line 2-2 of 
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FIG. 3A. The liquid droplet ejection apparatus 30 differs 
from the liquid droplet ejection apparatus 10 of the first 
embodiment merely in that a plurality of liquid-repellent 
layers 18 are formed on the outer side (lower side) of the 
ceramic sheet 11. Accordingly, this difference will be 
described below. 

[0060] Each liquid-repellent layer 18 is made of a 

fluorine-containing resin and assumes a ring-like form 
formed around the opening of the ejection side of the 
corresponding through-bore 24a. Specifically, the liquid- 
repellent layer 18 has a hollow, substantially cylindrical 
ejection bore formed therein, and the bottom face of the 
hollow cylinder forms an ejection opening. In the second 
embodiment, the through-bore 24a is called a first ejection 
bore 24a, and the ejection bore formed in the liquid- 
repellent layer 18 is called a second ejection bore 18a. 

[0061] FIGS. 4A and 4B are enlarged sectional views of 

the first and second ejection bores 24a and 18a. The first 
ejection bore 24a assumes a hollow, substantially 
cylindrical form such that the inside diameter thereof 
decreases toward the second ejection bore 18a. The second 
ejection bore 18a is formed such that the inside diameter 
thereof increases toward the ejection opening. That is, the 
relationships d3 > d4 and d5 > d4 are established, where d3 
is the diameter of the ejection opening of the second 
ejection bore 18a, d4 is the diameter of the opening where 
the first ejection bore 24a and the second ejection bore 18a 
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are connected, and d5 is the diameter of the first ejection 
bore 24a as measured on the side of the through-bore 24b 
(pressurizing chamber 22) . 

[0062] The thus -configured liquid droplet ejection 
apparatus 3 0 operates as does the liquid droplet ejection 
apparatus 10 described above. As shown in FIG. 4B, the 
inside diameter of the second ejection bore 18a increases 
toward the ejection opening. Thus, a single operation of 
pressurization induced by the piezoelectric/electrostrictive 
element 17 causes simultaneous ejection of a plurality of 
liquid droplets from the ejection opening; the diameter of 
the largest liquid droplet among liquid droplets ejected is 
not greater than the diameter d3 of the ejection opening; 
and the ejected liquid droplets simultaneously reach the 
imaginary plane S formed in such a manner as to maintain an 
equal distance to the ejection opening. 

[0063] A plurality of liquid droplets are simultaneously 
ejected by means of a single operation of pressurization for 
the same reason as that in the case of the liquid droplet 
ejection apparatus 10. Additionally, since the liquid 
droplet ejection apparatus 30 has the liquid-repellent layer 
18 formed around the ejection opening, an ejected liquid 
droplet is unlikely to adhere to an area around the ejection 
opening. Also, since the size of the liquid-repellent layer 
18 is limited, a liquid droplet adhering to the liquid- 
repellent layer 18 does not grow to an excessively large 
size. Thus, ejection of liquid is not hindered. 
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Furthermore, since the inside diameter of the first ejection 
bore 24a decreases toward the second ejection bore 18a, 
variation of liquid pressure within the pressurizing chamber 
22 immediately after ejection is unlikely to occur, thereby 
lowering the possibility of entry of a bubble into the 
pressurizing chamber 22 from the ejection nozzle 24 
immediately after ejection. 

[0064] In this case, in order to simultaneously eject a 

plurality of liquid droplets, in addition to the 
requirements (l)-(3) described above, it is preferable that 
the following requirement (5) is satisfied. 

[0065] (5) A value obtained by dividing, by the height 

h2 of the second ejection bore 18a, the difference (d3 - d4) 
between the diameter d3 of the ejection opening of the 
second ejection bore 18a and the diameter d4 of the opening 
of the second ejection bore 18a connected to the first 
ejection bore 24a, ( (d3 -d4)/h2), must be 0.5 to 2.0. 
[0066] When the ratio ( (d3 - d4)/h2) is excessively large, 
a force imposed on liquid along the axial direction of the 
hollow cylinder forming the second ejection bore 18a (i.e., 
along the direction perpendicular to the ejection opening) 
becomes excessively small , resulting in impairment in 
ejection stability. When the ratio ( (d3 - d4)/h2) is 
excessively small, a force imposed on the liquid along a 
direction perpendicular to the axial direction becomes 
excessively small; as a result, the ejected liquid becomes 
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unlikely to assume a mistlike form. Thus, a ratio ( (d3 - 
d4)/h2) of 0.5-2.0 is preferred. 

Third Embodiment : 

[0067] Next, a third embodiment of a liquid droplet 
ejection apparatus of the present invention will be 
described. This liquid droplet ejection apparatus differs 
from the liquid droplet ejection apparatus 10 of the first 
embodiment merely in that a plurality of protrusion portions 
for accelerating ejection of liquid in a mist like form are 
formed on the inside wall of the ejection bore 24a. 

[0068] The liquid droplet ejection apparatus according to 
the third embodiment will next be described in detail with 
reference to FIG. 5A, which is an enlarged sectional view of 
the ejection bore 24a, and FIG. 5B, which is a sectional 
view of the ejection bore 24a taken along line 3-3 of FIG. 
5A. Specifically, four substantially hemispheric protrusion 
portions 11a each having a height t are formed on the inside 
wall of the ejection bore 24a. These protrusion portions 
11a are circumf erentially disposed in a substantially 
equally spaced condition while a substantially constant 
distance is established to the ejection opening. 

[0069] In the liquid droplet ejection apparatus according 

to the third embodiment, the protrusion portions 11a spit 
liquid while the liquid passes through the ejection bore 24a 

(i.e., immediately before ejection); thus, the liquid is 
ejected in a further mistlike form. 
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[0070] In this case, preferably, the ratio of the height 
t of the protrusion portion to the diameter d6 of the 
ejection bore 24a (t/d6) is 0.03 to 0.17. 
[0071] The protrusion portion 11a is substantially 
hemispheric but may assume another shape so long as liquid 
to be ejected can be effectively split. For example, the 
protrusion portion 11a may be formed such that a cross- 
sectional area thereof decreases toward the ejection opening, 
as in the case of FIG. 5C in which a cross section thereof 
is substantially triangular. Also, the protrusion portion 
11a may assume the form of a triangle or quadrilateral as 
viewed from the ejection opening (i.e., as viewed from the 
bottom side) . The number of protrusion portions may be 3 as 
shown in FIG. 6 to 12 . 

[0072] Preferably, the ejection bore 24a having the 
protrusion portions (protrusions) 11a is formed in the 
ceramic sheet 11 according to the following steps. 

1: A ceramic green sheet is formed by use of zirconia 
powder having a grain size of 0.1 to several \xva-, and 

2: As shown in FIG. 7, the ceramic green sheet 4 0 
(which will become the ceramic sheet 11 later) is subjected 
to punching by use of a punch 41 and a die 42, to thereby 
form the ejection bore 24a. 

[0073] The diameter dp of the punch 41 is equal to the 
diameter d2 of the top face of the hollow cylindrical 
ejection bore 24a to be formed. The diameter D of the die 
42 is greater than the diameter dp of the punch 41. The 
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difference between the diameter D of the die and the 
diameter dp of the punch (i.e., clearance between the punch 
41 and the die 42) (D - dp) is not greater than 0.04 mm, 
preferably not greater than 0.02 mm. 

[0074] Each of the above-described liquid droplet 
ejection apparatuses of the present invention simultaneously 
eject a plurality of liquid droplets from the ejection 
opening by means of a single operation of pressurizat ion 
effected by the piezoelectric/electrostrictive element 17 
and is thus favorably applicable to, for example, a fuel 
injection apparatus which must inject fuel in the form of 
mist. The above-described liquid droplet apparatuses can be 
easily manufactured since at least the liquid supply path, 
the pressurizing chamber, and the ejection nozzle are 
integrally formed from zirconia ceramics. Also, by virtue 
of characteristics of zirconia ceramics, the liquid droplet 
ejection apparatuses exhibit high durability against 
frequent deformation (frequent operation of pressurizat ion) . 

[0075] While the present invention has been described 
with reference to the embodiments described above, it will 
be apparent to those skilled in the art that the present 
invention is not limited thereto, but may be modified in 
various forms within the scope of the present invention. 
For example, as in the case of a liquid droplet ejection 
apparatus whose plan view is shown in FIG. 8, a plurality of 
ejection bores 24a may be provided for a single pressurizing 
chamber 22. Also, a common piezoelectric/electrostrictive 
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element 17 (a single element) may be provided for a 
plurality of pressurizing chambers so long as liquid 
pressure within the pressurizing chambers can be increased. ■ 
Furthermore, the first and second ejection bores 24a and 18a 
of the liquid droplet ejection apparatus of the second 
embodiment may be provided with the protrusion portions 11a 
of the third embodiment. 
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